Major histocompatibility complex-I-␤ 2 m dimers (MHC-I) bind peptides derived from intracellular proteins, enabling the immune system to distinguish between normal cells and those expressing pathogen-derived or mutant proteins. The peptides bind to MHC-I in the endoplasmic reticulum (ER), and this binding is facilitated by the peptide loading complex (PLC), which contains calreticulin (CRT). CRT associates with MHC-I via a conserved glycan present on MHC-I and recruits it to the PLC for peptide binding. Somatic frameshift mutations in CRT (CRT-FS) drive the proliferation of a subset of myeloproliferative neoplasms, which are chronic blood tumors. All CRT-FS proteins have a C-terminal sequence lacking the normal ER-retention signal and possessing a net negative charge rather than the normal positive charge. We characterized the effect of
Nucleated cells of most vertebrates express major histocompatibility complex (MHC) 3 class I molecules on their surface.
Each MHC-I molecule is a heterodimer composed of a transmembrane heavy chain and ␤ 2 -microglobulin (␤ 2 m) that is associated with a short 8 -11-amino acid peptide. These peptides are derived from cellular proteins and are presented on the surface of cells in a process called antigen presentation (1) , which is integral to immune surveillance by cytotoxic CD8 ϩ T lymphocytes. Cells presenting peptides derived from "self" proteins are generally ignored, whereas cells presenting peptides derived from foreign proteins (e.g. virally infected cells) can be recognized and destroyed. In the case of cancer cells, presentation of peptides derived from tumor-associated antigens or tumor-specific antigens by MHC-I may occur, facilitating their identification and killing by CD8 ϩ T cells (1, 2) .
In an attempt to evade immune surveillance, cancer cells employ various mechanisms to down-regulate the expression of MHC-I molecules or other proteins directly or indirectly involved in antigen processing and presentation (2, 3) . Downregulation is more common than total elimination of MHC-I expression because the latter renders the cell susceptible to the action of natural killer (NK) cells; reduction of surface MHC-I may allow evasion of NK-mediated killing, and reduced antigen presentation can prevent efficient detection by CD8 ϩ T cells (3) . In addition, ␤ 2 m associated with MHC-I on the cell surface may inhibit phagocytosis of cells by macrophages even if they express other pro-phagocytic markers (4) . The success of various immune-based therapies, such as DNA vaccines, checkpoint inhibitor antibody therapy, or dendritic cell therapy (5, 6) , is dependent on effective antigen presentation by tumor cells. It is therefore important to understand the mechanisms by which antigen presentation is altered in tumor cells to aid their effective targeting and elimination.
Assembly and peptide loading of MHC-I molecules occurs in the ER, facilitated by the peptide loading complex (PLC) (1, 7) . The core components of the PLC are ERp57, tapasin, and the dimeric transporter associated with antigen processing (TAP). ERp57 is a thiol-reductase that functions together with calreti-culin (CRT), a lectin chaperone, in the quality control folding cycle used for many glycoproteins (8) . Two tapasin molecules associate directly with TAP, and both are disulfide-linked to ERp57 (7, 9) . Although CRT is a constituent of the PLC, its association depends on the presence of MHC-I molecules, which bind peptides that are derived primarily from cytosolic proteolysis and are imported into the ER by TAP. Tapasin facilitates peptide exchange, leading to the accumulation of MHC-I molecules associated with high-affinity peptides, and its mechanism of action has recently been illuminated by the structural analysis of its homolog TAPBPR in association with MHC-I (10, 11) . TAPBPR is not a PLC component.
Cancer cells have been shown to down-regulate the expression of TAP, tapasin, CRT, ERp57, MHC heavy chain, or ␤ 2 m by various mechanisms that ultimately lead to the loss or reduced expression of MHC-I on the cell surface (2, 3) . This study is focused on the effects of disease-associated CRT mutations on antigen presentation by MHC-I. CRT is a multidomain protein with an N-terminal lectin domain, a central, proline-rich P-domain that interacts with ERp57, and an acidic C-terminal domain (CTD) that binds calcium ions and ends with an ER-retention sequence (KDEL) (Fig. 1A) . The MHC-I heavy chain bears an N-linked glycan at a site that is conserved across species and, when monoglucosylated, is responsible for its association with CRT (12) . This glycan is also a target of the ERresident enzyme UDP-glucosyltransferase 1 (UGT1). UGT1 detects MHC-I loaded with a suboptimal, low-affinity peptide and reglucosylates the glycan, causing the MHC-I to reinteract with the PLC via CRT (13) . This facilitates further iterations of peptide loading until an optimal peptide is loaded.
Earlier reports have shown that CRT, in combination with other PLC components, is often down-regulated in colorectal (14) and bladder cancers (15) , accompanied by a reduction in MHC-I expression. In 2013, a somatic, frameshift mutant of CRT (CRT-FS) was identified in myeloproliferative neoplasms (MPNs), a class of chronic blood diseases (16, 17) . MPNs that are Philadelphia chromosome-negative and myeloproliferative leukemia virus oncogene-negative can be further categorized into three classes: polycythemia vera (PV), essential thrombocythemia (ET), and primary myelofibrosis (PMF). An activating mutation in Janus kinase 2 (JAK2V617F) is seen in 95% of PV patients, whereas only 50 -60% of patients suffering from ET or PMF have this mutation. The two studies mentioned above discovered that the majority of ET or PMF patients with nonmutated JAK2 carry insertions or deletions in exon 9 of the CALR gene, all of which result in a 1-bp frameshift mutation that generates a novel C-terminal tail of CRT, of which 36 amino acids are common between all types of CALR mutations (16, 17) . The amino acids in the mutant sequence are basic in nature compared with the acidic amino acids present in CRT-WT, and the ER-retention sequence, KDEL, present in WT is lost (Fig. 1A) . The majority of patients are heterozygous for this mutation, but homozygous mutations have been reported in small cohorts (17, 18) .
The C-terminal tail of CRT-FS mutants confers unique characteristics that promote tumorigenesis. The lack of a KDEL sequence causes mislocalization of CRT-FS, and the change in overall charge influences interactions with glycoprotein sub-strates. The mutant CTD promotes a glycan-mediated interaction of CRT-FS with the thrombopoietin receptor, causing ligand-independent activation of the JAK-STAT signaling pathway that drives neoplastic transformation (19 -21) . However, in at least one case, a loss-of-function phenotype is observed for CRT-FS with regard to its lectin chaperone activity. The glycoprotein substrate myeloperoxidase (MPO) requires CRT to fold properly, but, in the presence of CRT-FS, MPO is misfolded, leading to proteasomal degradation and thus a reduction in cellular MPO (18) . CRT also mediates Ca 2ϩ release from the ER as its C-terminal acidic tail serves as a lowaffinity Ca 2ϩ binding site. CRT-FS deletion mutants (CRT-FS DEL ) have fewer acidic residues than CRT-FS insertion mutants (CRT-FS INS ). Thus, cells expressing CRT-FS DEL exhibit abnormal cytosolic calcium signaling, which corresponds to a higher risk of myelofibrotic transformation (22) . Two transgenic mouse models have been generated to study this mutation. In one, CRT-FS DEL was ubiquitously expressed in mice, which developed essential thrombocythemia (23) . In the second, CRT-FS DEL conditional knockin mice were generated that recapitulated the thrombocytosis and myelofibrosis phenotype (24) .
CRT has been shown to affect MHC-I function in mouse embryonic fibroblasts, where ablating CRT expression results in a reduction in endogenous antigen presentation and a decrease in surface MHC-I compared with cells expressing CRT (25) (26) (27) . Here we demonstrate that ablation of CRT expression in human cells also causes inefficient peptide loading, leading to reduced levels of surface MHC-I and defective antigen presentation. The phenotype is rescued by the expression of CRT-WT, but not the CRT-FS mutants. In cells that co-express both CRT-WT and CRT-FS DEL , a small but significant reduction in surface MHC-I levels was observed.
Results

CRT-FS mutants are secreted
Expression of CRT in HEK293T cells was successfully ablated using the CRISPR/Cas9 approach, as confirmed by RT-PCR and Western blot analysis using a mouse anti-CRT antibody that recognizes both the WT and CRT-FS mutant forms (␣-CRT) ( Fig. 1, B and C). CRT-WT, CRT-FS DEL , or CRT-FS INS were re-expressed in the CRT-null cell line. RT-PCR analysis of these cells lines showed that CRT-WT and both CRT-FS mRNAs were present at similar levels ( Fig. 1B) . Western blot analysis indicated that whereas CRT-WT was present at levels similar to that of normal HEK293T cells, no CRT-FS DEL and CRT-FS INS was detected by ␣-CRT (Fig. 1C, top) . However, the mutants could be detected using ␣-CRT-FS, a mutant-specific CRT rabbit antibody generated against the novel C-terminal peptide, implying that the mutants are present but poorly expressed within the cells (Fig. 1C, middle) . We always observe that the level of CRT-FS DEL is lower in the cells than CRT-FS INS . Because CRT-FS DEL and CRT-FS INS lack the ER-retention KDEL sequence present on CRT-WT, a likely explanation is that they are secreted. The culture supernatants of cells expressing CRT-WT or the mutants were therefore examined by Western blotting. Both forms of CRT-FS were readily
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detected in the culture supernatant, and this was lost when the cells were incubated with brefeldin A (BFA) (Fig. 1D, left) . In BFA-treated cells, CRT-FS DEL and CRT-FS INS were detected in the cell lysate ( Fig. 1D, right) , consistent with inhibition of their secretion by the classical ER-Golgi secretory pathway. We detected a small amount of CRT-WT in the culture Nine exons encode CRT, which is composed of an N-terminal lectin domain, a central, proline-rich P-domain, and an acidic CTD that contains an ER retention sequence, KDEL. Insertion and deletion mutants in exon 9 of the calreticulin gene lead to a ϩ1-bp frameshift, resulting in a unique amino acid sequence of the C-terminal tail. B, CRT mRNA levels in CRT-null cells and CRT-null cells transduced with the indicated CRT constructs were assessed by qPCR via normalization to the housekeeping gene ␤-actin. CRT mRNA expression in HEK293T cells was used to calculate -fold change. C, Western blot analysis of expression of CRT-WT and CRT-FS in cell lysates using antibodies that recognize all forms of CRT (␣-CRT) or only mutant CRT (␣-CRT-FS). D, secretion of CRT was assessed by incubating cells expressing either CRT-WT or CRT-FS with 10 g/ml BFA for 8 h, followed by Western blot analysis of CRT expression in cell lysates and culture supernatants. 
supernatant that was not sensitive to BFA treatment ( Fig.  1D , left). Lack of signal from the ER-resident chaperone GRP94 in the Western blot analysis of the culture supernatants indicated that there was no contamination by intracellular proteins due to cell death or lysis. We speculate that some CRT-WT is released from the cell via a nonclassical secretory pathway, as has been previously suggested (28, 29) . Pulse-chase analysis was carried out to assess the kinetics of CRT-FS DEL and CRT-FS INS secretion. Both were detectable in the supernatant as early as 30 min after chase and halfmaximal secretion occurred at 90 min. At 180 min, almost all of the intracellular pool of metabolically labeled CRT had disappeared ( Fig. 1E ).
CRT-FS mutants are not incorporated into the PLC
CRT-FS DEL and CRT-FS INS are largely secreted, lowering their effective concentration in the ER. To determine whether sufficient remained to detect association with the PLC, tapasin was immunoprecipitated from digitonin extracts of the cells followed by Western blotting to detect CRT associated with the PLC. Fig. 1F shows that neither CRT-FS mutant is detectably associated with tapasin. In addition, compared with cells expressing CRT-WT, reduced levels of MHC-I were associated with the PLC in cells expressing the CRT-FS mutants, suggesting that peptide loading in these cells may be affected, which in turn could impact surface MHC-I levels. In cells with neither CRT-WT nor the mutants, no MHC-I was detectably associated with the PLC.
Decreased surface MHC-I by cells expressing CRT-FS mutants
Flow cytometric analysis of surface MHC-I was carried out on HEK293T cells lacking CRT expression or expressing CRT-WT or the CRT-FS mutants. In the absence of CRT expression, a 50% decrease in surface MHC-I levels was seen compared with WT HEK293T cells ( Fig. 1G ). This was rescued by the expression of CRT-WT, but not CRT-FS DEL or CRT-FS INS . Because steady-state levels of the mutants within the cells are low, we wondered whether retaining them in the ER would rescue cell surface MHC-I expression. To test this, we generated cell lines expressing the mutants with an added C-terminal KDEL sequence (CRT-FS DELϩKDEL and CRT-FS INSϩKDEL ). As seen in Fig. 2A , the ER-retained CRT-FS mutants were detected in the cells. In a complementary experiment, CRT-WT lacking the KDEL sequence (CRT-WT ϪKDEL ) was expressed in the CRT-null cells. CRT-WT ϪKDEL was poorly detected in cell lysates ( Fig. 2B , right) but was readily detected in the supernatant (Fig. 2B, left) . Upon BFA treatment, CRT-WT ϪKDEL was not secreted, and there was a concomitant increase in intracellular accumulation ( Fig. 2B ). Very few, if any, of the CRT-FS mutants with the added KDEL sequence were detected in the culture supernatants ( Fig. 2B, left) , and no significant increase in intracellular levels was observed in the presence of BFA ( Fig. 2B, right) . In the cell lysates, two bands of CRT-FS are sometimes detected by ␣-CRT, but only the upper band is detected by ␣-CRT-FS, suggesting that a low level of C-terminal clipping may result in two bands.
Retaining the CRT-FS mutants in the ER failed to reverse the reduction in surface MHC-I ( Fig. 2C ). However, whereas the CRT-FS mutants were ineffective with or without an ER retention signal, CRT-WT ϪKDEL significantly, albeit partially, restored MHC-I surface expression ( Fig. 2C ). This suggested that there might be an inherent structural problem in the CRT-FS mutants that disrupts CRT function. To address this, we asked whether CRT-FS DELϩKDEL , CRT-FS INSϩKDEL , or CRT-WT ϪKDEL could be incorporated into the PLC. Tapasin was immunoprecipitated from digitonin extracts of the cells, and co-immunoprecipitated components were analyzed by Western blotting (Fig. 2D ). As before, CRT-WT was detected in association with the PLC, but the CRT-FS mutants lacking the KDEL sequence were not. Unexpectedly, the CRT-FS mutants plus the KDEL sequence were incorporated into the PLC, whereas CRT-WT ϪKDEL could not be detected. This suggests that increasing the local concentration of the CRT-FS mutants in the ER facilitated their interaction with the PLC, but the interaction was not functional because there was no increase in MHC-I associated with the PLC (Fig. 2D ), and surface levels of MHC-I were not restored (Fig. 2C) .
The glycan-dependent interaction between CRT and the MHC-I heavy chain is required for the recruitment of MHC-I to the PLC by CRT. Previous studies with other substrates have shown that these interactions may be altered for CRT-FS mutants (18 -21) . This suggests that the normal function of the N-terminal lectin domain of CRT-FS might be affected. To test this, we used a previously described pulldown assay that detects the interaction of CRT with MHC-I molecules bearing a monoglucosylated N-linked glycan (12) . Purified immobilized GSTtagged CRT-WT, CRT-FS DEL , CRT-FS INS , and CRT Y92A (a CRT mutant deficient in glycan binding (13)) ( Fig. 2E , left) were incubated with detergent lysates of CRT-null cells, and MHC-I associated with the CRT variants was detected by Western blotting ( Fig. 2E, right) . We found that CRT-WT and the frameshift mutants interacted with MHC-I, whereas, as expected, CRT Y92A did not. The frameshift mutants exhibited a reduced interaction with ERp57. In the case of CRT-WT ϪKDEL , although the loss of ER retention reduces the availability of CRT for PLC interaction, it retains its fundamental capacity to facilitate peptide loading in the ER. It appears that transient, labile interactions of CRT-WT ϪKDEL with tapasin-ERp57 dimers within the PLC lead to the partial restoration of MHC-I surface expression, but in the case of CRT-FS mutants, these interactions are ineffectual.
MHC-I delivery to the cell surface is reduced in cells expressing the CRT-FS mutants
When the integrity of the PLC is lost, for example in cells deficient in tapasin, assembly of stable MHC-I-peptide complexes is impaired, leading to reduced expression of MHC-I on the cell surface and reduced antigen presentation to CD8 ϩ T cells (30 -32) . In murine cells, previous data suggest that MHC-I is exported at a faster rate in cells that lack CRT but that it is removed by endocytosis (26, 27) . In our studies in human cells, the lack of MHC-I association with the PLC and lower surface MHC-I levels observed in HEK293T cells lacking CRT or expressing the CRT-FS mutants suggested that the critical
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role WT CRT plays in the assembly process is not replicated by the frameshift mutants. To further this analysis, we measured the rate of surface arrival of newly assembled MHC-I molecules. The cell lines were briefly exposed to a pH of 3.5, commonly referred to as "acid stripping," which irreversibly denatures surface human MHC-I complexes such that they are no longer detectable by the mAb W6/32 (33) . Reappearance of intact MHC-I from within the cell was monitored by flow cytometry. We also carried out this assay in the presence of an inhibitor of endocytosis, dynasore, to distinguish between MHC-I arriving at the surface versus MHC-I left behind after endocytosis at each time point. Dynasore is a cell-permeable inhibitor of dynamin, which is essential for clathrin-mediated endocytosis (34), a mechanism used for MHC-I removal from the cell surface (35) . Fig. 3A shows that only ϳ10% of W6/32-reactive MHC-I remained on the cell surface after acid treatment. In the cells expressing CRT-WT, reconstitution to ϳ50% of the level before stripping was apparent after 6 h. Reconstitution of surface MHC-I in cells lacking CRT reached only 30% of the "unstripped" level, and this was no better in the cells expressing the CRT-FS mutants with or without the KDEL retention signal. Note that this is only ϳ15% of the level of surface MHC-I reached on cells reconstituted with CRT-WT. The reconstitution of surface MHC-I expression in the absence or presence of dynasore after acid stripping was the same, indicating that the levels of MHC-I measured are of newly synthesized chains that have arrived at the surface and not survivors of dynamin-dependent endocytosis. As a positive control, we showed that ligand-mediated endocytosis of epidermal growth factor receptor (EGFR) from the surface of HEK293T cells was blocked by dynasore, as expected (Fig.  3A) . These findings are consistent with the hypothesis that the mutants cannot perform a critical peptide loading func- 
tion. Notably, reconstitution of surface MHC-I was also impaired in the cells expressing CRT-WT ϪKDEL , consistent with the reduction in steady-state MHC-I surface expression in these cells and with the hypothesis that loss of ER retention results in a reduction in local concentration and impairment of PLC function (Fig. 2, C and D) .
Surface MHC-I in cells expressing CRT-FS mutants is associated with suboptimal peptides
MHC-I is detectable on the surface of cells expressing no CRT or the CRT-FS mutants with or without the KDEL sequence, but at less than 50% of the level on cells expressing CRT-WT. Cells expressing CRT-WT ϪKDEL do only slightly Mutant calreticulin affects antigen presentation better (Fig. 2C ). Impaired peptide loading can result in reduced MHC-I surface expression if the associated peptides are of reduced affinity; MHC-I complexes associated with suboptimal peptides are generally less stable than those associated with high-affinity peptide. We addressed this issue by determining the relative thermal stabilities of the MHC-I molecules at the surface of the various cell lines (36) . Because this assay measures a purely physical parameter, we incubated the cells with sodium azide, a potent mitochondrial inhibitor that impedes various ATP-dependent cellular processes, including endocytosis (37) . Cells were exposed to a range of temperatures for 10 min, followed by flow cytometric analysis of surviving surface W6/32-reactive MHC-I. Fig. 3B shows that the MHC-Ipeptide complexes present on the surface of cells expressing CRT-WT are more resistant to thermal denaturation than those on cells expressing CRT-FS, CRT-FS ϩKDEL , or CRT-WT ϪKDEL . These data indicate that MHC-I molecules in cells expressing the various CRT mutants, including CRT-WT ϪKDEL , are associated with suboptimal peptides.
From the above experiments, we conclude that the rate of surface arrival of MHC-I in cells that do not express CRT-WT is reduced and that at steady state, they are associated with suboptimal peptides. To ask whether low-affinity peptide-MHC-I complexes dissociate on the surface of the cells, we looked for liberated free MHC-I heavy chains using the mAb HC10 (38) . As seen in Fig. 3C , the level of free heavy chain on the surface of cells was very low and was the same across all the cell lines. It seems likely that HC10-reactive heavy chains liberated by dissociation of ␤ 2 m and peptide are cleared too rapidly for detection at steady state. However, free heavy chains were detectable immediately after acid stripping, and the pattern of expression across the cell lines was similar to that of W6/32-reactive MHC-I before stripping (Fig. 3D) .
Cells in which peptide loading is affected assemble a high percentage of unstable MHC-I-peptide complexes that do not reach the cell surface (39, 40) . These complexes can be stabilized by incubation at 27°C, leading to surface accumulation of MHC-I. When the temperature is raised to 37°C, the unstable MHC-I complexes decay at a faster rate than stable MHC-I complexes. Fig. 3E shows the rate of decay of W6/32-reactive MHC-I expressed in the various cell lines after overnight incubation at 27°C and subsequent incubation at 37°C, performed in the presence of BFA to prevent the arrival of newly synthesized molecules at the cell surface. In CRT-null cells, cells expressing the CRT-FS mutants with or without the ER retention signal, or cells expressing CRT-WT ϪKDEL , MHC-I molecules are cleared from the cell surface much more rapidly than in cells expressing CRT-WT, suggesting that a larger fraction of their MHC-I molecules are associated with lower-affinity peptides. All of these data are consistent with an impaired ability of the CRT mutants to mediate MHC-I peptide loading.
Presentation of a defined antigenic peptide is decreased in cells expressing the CRT-FS mutants
The data so far argue that the CRT-FS mutants lack the quality control function of WT CRT required for normal assembly of high-affinity MHC-I-peptide complexes. We set out to determine whether the mutants affected assembly of MHC-I complexes containing a defined antigenic epitope. Rather than using a CD8 ϩ T cell for this analysis, we used a mAb specific for an MHC-I-peptide complex, which provides much better quantitation. Latent membrane protein 1 (LMP1) is an Epstein-Barr virus protein containing an epitope that is efficiently presented by HLA-A2 (41) . A TCR-like mAb generated against HLA-A2 associated with this peptide (YLLEMLWRL) was used to measure surface expression of HLA-A2-YLLEMLWRL complexes (41) . All seven cell lines were transduced with expression constructs expressing a vector control or LMP1, and presentation of the YLLEMLWRL peptide was analyzed by flow cytometry. Fig. 3F shows that LMP1 mRNA was expressed at similar levels in the cell lines. In LMP1-expressing cells, HLA-A2-YLLEMLWRL complexes were detectable at higher levels when CRT-WT was expressed, whereas in cells lacking CRT or expressing CRT-FS, CRT-FS ϩKDEL , or CRT-WT ϪKDEL , presentation of YLLEMLWRL was considerably lower (Fig. 3G) . The presentation of the LMP1-derived peptide mirrors the expression of HLA-A2 in the cell lines, which in turn mimics the pattern of total MHC-I expression ( Fig. 3H ).
MHC-I assembly in cells co-expressing CRT-WT and CRT-FS mutants
The experiments described above examined the effect of CRT-FS on MHC class I expression and antigen presentation in cell lines lacking endogenous CRT expression, which is seen in a small group of patients (17, 18) . However, a majority of the patients carry a WT CRT gene in addition to a CRT-FS mutant gene. To examine the phenotypic consequences of this, WT HEK293T cells expressing CRT-FS were generated and charac- Figure 3 . Effect of CRT-FS on antigen presentation. A, the delivery of MHC-I to the surface of cells expressing various constructs of CRT was measured by acid-denaturing surface MHC-I at pH 3. 5, followed by neutralization and incubation at 37°C in the absence (left) or presence (middle) of dynasore. The appearance of assembled, surface MHC-I over time was monitored by FACS using the W6/32 antibody. The activity of dynasore was verified by estimating surface EGFR on cells treated with EGF in the presence or absence of dynasore (right) by FACS. B, the thermostability of surface MHC-I in the various cell lines was assessed by incubating intact cells for 10 min at room temperature in PBS ϩ 0.02% sodium azide, followed by incubation at the indicated temperatures for 10 min. The heat-resistant MHC-I remaining on the surface of cells was estimated by FACS using the W6/32 antibody. C, free heavy chain on the surface of cells at steady state was estimated by staining intact cells with the HC10 antibody followed by FACS analysis. D, free heavy chain on the surface of cells was generated by acid-denaturing surface MHC-I at pH 3.5 followed by neutralization. Levels of free heavy chain were estimated by FACS using the HC10 antibody. E, the stability of MHC-I complexes was also evaluated by a BFA-decay assay. The various cell lines were cultured overnight at 27°C, treated with 10 g/ml BFA, and incubated at 37°C for the indicated periods of time. The decay of surface MHC-I over time was monitored by FACS using the W6/32 antibody. F, LMP1 mRNA levels in the seven cell lines were assessed by qPCR via normalization to the housekeeping gene ␤-actin. LMP1 mRNA expression in LMP1-expressing WT HEK293T cells was used to calculate -fold change. G, presentation of an Epstein-Barr virus-derived, high-affinity peptide (YLLEMLWRL) was estimated in cells expressing various CRT constructs and the LMP1 protein by staining intact cells with the MHC-I-YLLEMLWRL-specific antibody, followed by FACS. H, surface expression of the MHC-I allele that presents the peptide YLLEMLWRL, HLA-A2, was estimated by staining intact cells with the HLA-A2-specific antibody BB7.2 followed by FACS. Total surface MHC-I was determined by staining intact cells with the W6/32 antibody followed by FACS. Data shown are mean Ϯ S.D. (error bars) of at least three experiments. Statistical significance was evaluated using the unpaired Student's t test: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.005; ns, not significant. Statistical significance in A, B, and E is from comparing data from cells expressing CRT-WT and the other six cell lines.
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terized, along with HEK293T cells overexpressing CRT-WT. As expected, CRT-FS expression was low in cell lysates, except in the presence of BFA (Fig. 4A, left) . The mutants were secreted and easily detected in the culture supernatant (Fig. 4A,  right) in the absence of BFA. Only in HEK293T cells expressing CRT-FS DEL along with endogenous CRT was a significant, although small, reduction in surface MHC-I molecules observed (Fig. 4B) . These MHC-I molecules were associated with suboptimal peptides, as determined by the BFA-decay assay (Fig. 4C ).
Discussion
The classical pathway of peptide loading and antigen presentation by MHC-I is highly conserved. The component proteins of the PLC are key players in the process, and together they ensure that optimal peptides, generally of high affinity, are loaded onto MHC-I in the ER for subsequent presentation at the cell surface. In agreement with previous results obtained with mouse cells, we find that CRT is important for normal peptide binding by MHC-I molecules in human cells (25) (26) (27) . This is manifested in an ϳ50% reduction in surface MHC-I expression when CRT is deleted. In both mouse and human cells, surface expression was restored when full-length CRT was expressed (25) . In mouse cells, export of MHC-I from the ER is slower in cells that lack CRT expression, although this may be allele-dependent; the export of H-2 K b , but not H-2 D b , molecules is reduced in the absence of CRT (27) . In this case, MHC-I complexes containing suboptimal peptides may escape the MHC-I quality-control mechanisms in the ER, traffic rapidly to the surface, and be removed by endocytosis (27) . Inter-estingly, expression of an ER-retained form of CRT lacking the CTD in CRT-null mouse cells did not rescue surface MHC-I levels, indicating the importance of the CTD in facilitating MHC-I peptide binding (25) .
The C-terminal domain of human CRT is ϳ113 amino acids, but the CRT-FS mutants do not lack the entire CTD. Even the CRT-FS DEL used in our study lacks only 17 amino acids of the 113-amino acid-long CTD. However, the sequence is significantly altered (Fig. 1A) . To determine whether the CRT-FS mutants are functional, we asked whether expressing them in the CRT-negative cells would restore surface MHC-I levels. A cohort of MPN patients that express CRT-FS but lack CRT in their proliferating myeloid cells has been described (17, 18) , making this analysis clinically relevant. We found that the CRT-FS mutants are nonfunctional, as the decrease in surface MHC-I in CRT-null cells was not reversed by expression of either CRT-FS DEL or CRT-FS INS (Fig. 1G ). The secretion of CRT-FS and consequent low level of ER retention was not solely responsible for the defect because the addition of a C-terminal KDEL sequence to CRT-FS could not rescue the surface levels of MHC-I, even partially (Fig. 2C) . Thus, cells expressing CRT-FS seemed to phenocopy CRT-null cells with regard to the effect on MHC-I, emphasizing the importance of the C-terminal region in CRT function.
In cells that lack ␤ 2 m, and therefore lack MHC-I-␤ 2 m dimers, CRT is not found associated with the residual PLC core, which consists of tapasin, ERp57, and TAP (31) . Under normal circumstances, CRT is thought to enter the PLC with MHC-I and dissociate from the complex when MHC-I has acquired a 
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peptide (31) . In CRT-null mouse cells, significantly lower association of MHC-I with the PLC is seen, indicating that its recruitment to the PLC depends on CRT (26, 27) . Because CRT-FS mutants are able to bind MHC-I molecules in solution ( Fig. 2E ), they should, in principle, be able to interact with MHC-I in cells. Hence, the decrease in the generation of stable MHC-I molecules at steady state we observed (Fig. 1G ) could have been attributed to the lack of a detectable CRT-FS interaction with the PLC (Fig. 1F) . However, expression of the CRT-FS mutants does result in a low level of MHC-I interaction with the PLC, whereas none is detectable in the complete absence of CRT. This suggested that the mutants probably associate with the PLC transiently, recruiting associated MHC-I molecules as previously suggested for WT CRT (13) , but that the reduction in local concentration in the ER caused by their secretion minimizes the efficiency of the process. However, the addition of C-terminal KDEL sequences to the CRT-FS mutants increased their ER retention and restored their interaction with the PLC but did little to enhance MHC-I association with the PLC and failed to increase MHC-I surface expression. In contrast, CRT-WT lacking the KDEL sequence was secreted and, like the CRT-FS mutants, was not detectably associated with the PLC, but it partially rescued surface MHC-I levels (Fig. 2C) . This differs from studies in mouse cells, where CRT lacking the KDEL sequence was retained within the cell and incorporated into the PLC to the same extent at CRT-WT (27) but did not rescue surface MHC-I levels, even partially. In human cells, it appears that CRT-WT ϪKDEL retains the fundamental CRT function within the PLC, whereas the CRT-FS mutants do not. In this case, the large reduction in the local concentration of CRT-WT when the ER-retention signal is removed may make it the limiting component in MHC-Ipeptide complex assembly, leading to the reduced MHC-I surface expression observed. However, CRT-FS can neither facilitate MHC-I peptide loading nor rescue normal surface MHC-I expression.
The electrostatic charge of the altered C terminus of CRT-FS has been shown to affect protein interactions mediated by other domains of the mutant (19 -21) , and this may also impede PLC function. The incorporation of CRT depends on three interactions: (a) with the glycan of MHC-I, (b) with ERp57 (which is covalently linked to tapasin), and (c) with tapasin (7, 42). The N-terminal lectin domain of CRT-FS is responsible for its chaperone activity and appears to be functional, although the preference of glycosylated substrates it interacts with may be altered. CRT-FS, but not CRT-WT, binds to glycosylated thrombopoietin receptor to drive proliferation (19) but does not appear to fulfill its chaperone function in the folding of MPO (18) . Fig. 2E shows that both CRT-FS and CRT-WT can interact with the heavy chain of MHC-I. Whereas MHC-I is glycosylated, the lectin specificity of CRT is for monoglucosylated glycans that represent only a small fraction of total glycosylated MHC-I. We therefore see only a small percentage of the input interacting with CRT. CRT-FS is also able to interact with ERp57, an interaction dependent on the P-domain, albeit to a lesser extent than CRT-WT. At least in this context, it appears that the mutant CTD does not influence the interactions of the lectin domain but partially affects the interactions of the P-do-main. The crystal structure of CRT has been solved (43), but it does not include the C-terminal tail. However, the cryo-EM structure of the PLC indicates that the CTD of CRT (in pink in Fig. 5A, left) is located in proximity to the C-terminal domain of tapasin, shown in cyan (7). Using the reported structure of the PLC (Protein Data Bank code 6ENY), we looked more closely at the interactions between CRT and tapasin (Fig. 5A, right) . The CTD of CRT was modeled as an ␣-helix and appears to be accommodated in a groove in tapasin, with possible interactions between the loops that make up the edges of the groove. The deposited cryo-EM structure is of low resolution, so mapping the interactions between the side chains was not possible. However, we could determine the surface charge of the two molecules (Fig. 5B) . The helix of the CTD of CRT is negatively charged (indicated in red), whereas the tapasin loops and groove carry a more positive charge (blue). In CRT-FS, these acidic residues have mostly been replaced by basic residues, and this may disrupt interactions between CRT-FS and tapasin, interfering with PLC function. We speculate that the modified CTD of CRT-FS impacts its interaction with tapasin, and this, along with the reduced interaction with ERp57, impairs a functionally important interaction between CRT-FS and the PLC.
It is not only the quantity of MHC-I at the surface of cells expressing the CRT-FS mutants that is affected, but the "quality" as well, as seen in Figs. 3 and 4C . The presentation of a known, high-affinity peptide is significantly lower in these cells compared with cells expressing CRT-WT. This is of particular relevance, as immunotherapeutic interventions that harness the CD8 ϩ T-cell arm of the adaptive immune system depend on antigen presentation by MHC-I. It is conceivable that the unique C-terminal tail of CRT-FS could serve as a neo-antigen.
Figure 5. Structural analysis of the interaction between CRT and tapasin.
A, the structure of the PLC was obtained from the Protein Data Bank (entry 6ENY), and a cartoon representation of the structure of CRT in pink and tapasin in cyan was rendered in UCSF Chimera. The region of interaction between CRT and tapasin has been enlarged on the right. B, surface charge of the rodlike ␣-helix of CRT and the cradle-like structure of tapasin was calculated using coulombic surface coloring. Red, negative charge; blue, positive charge.
Mutant calreticulin affects antigen presentation
However, a recent report (44) found CD4 ϩ T cells but not CD8 ϩ T cells that targeted disease cells. This may be due to poor presentation of MHC-I-restricted epitopes on these cells, leading to ineffectual recognition and killing. Indeed, when CRT-FS DEL is expressed together with CRT-WT in HEK293T cells, there was a 20% reduction of surface MHC-I, although this is not seen with CRT-FS INS . The stability of assembled MHC-I complexes was also reduced, reflecting the association of MHC-I with suboptimal peptides (Fig. 4C ). This suggests that there may be an impairment of MHC-I peptide loading even in the majority of CRT-FS-positive tumors that retain expression of the WT protein. As both CRT-WT and CRT-FS can interact with MHC-I, there may be competition between the mutant and WT proteins for MHC-I in the ER. When CRT-FS DEL interacts with MHC-I, it prevents a functional interaction of the latter with the PLC, preventing peptide editing. Of course, the lack of a CD8 ϩ T cell response may also depend on the MHC-I alleles expressed.
In the model cells expressing both CRT-WT and CRT-FS, CRT-FS DEL appears to be a better competitor than CRT-FS INS . The major difference between the two proteins is that the amino acid composition of the C-terminal tail of CRT-FS DEL is more dramatically affected than CRT-FS INS (22) . This has been shown to confer unique properties to these proteins, as expression of CRT-FS DEL in patients correlates with a worse prognosis of overall survival than expression of CRT-FS INS (22, 45) . This may be due to a difference in their ability to buffer Ca 2ϩ flux. How this difference affects protein conformation and antigen loading is worth investigating. Notably, an increase in surface MHC-I levels and an increase in the stability of MHC-I-peptide complexes was observed in HEK293T cells overexpressing CRT-WT, indicating that the efficiency of MHC-I peptide loading and presentation depends on levels of CRT-WT expression. Whether this is unique to HEK293T cells or is universal remains to be determined.
When CRT-FS is expressed alone or with CRT-WT, CRT-FS is secreted ( Figs. 1D and 2B) . Although past studies have found CRT-FS in the extracellular media (46, 47) , we have shown conclusively that CRT-FS is secreted due to the loss of the ER-retention sequence and that the secretion occurs via the classical ER-Golgi secretory pathway, not due to cell damage or lysis. Extracellular CRT-WT is considered a pro-phagocytic marker that induces immunogenic cell death (48), a phenomenon linked to better prognosis of overall disease-free survival in cancer patients. However, cells expressing CRT-FS appear to evade clearance by macrophages and establish disease. Either the altered CTD may influence the pro-phagocytic property of CRT or the process of extracellular localization for CRT-WT, which is still unclear, may confer this property. It is also plausible that the reduced but not absent surface MHC-I and associated ␤ 2 m can still serve as anti-phagocytic signals, repressing phagocytosis by macrophages (4) . Clinical symptoms of MPN in patients carrying the CRT mutations are less severe than those with the JAK kinase mutation (45) . Chronic inflammation is one aspect of this disease, and qualitative differences are seen in cytokine expression in ET, PV, and PMF, independent of the mutation causing the disease (49) . Mislocalized CRT-FS is believed to have only an autocrine function (50) and therefore does not affect the cytokine profile. However, a recent study shows that treating primary monocytes with conditioned medium from cells expressing CRT-FS can stimulate cytokine expression, indicating a potential paracrine effect (46) . Thus, secreted CRT-FS may have the potential to modulate the host's immune system, allowing expressing cells to evade detection and promote their survival.
Our overall interpretation of the data is presented in Fig. 6 . CRT-FS is secreted from cells and poorly incorporated into the PLC. This leads to a decrease in surface MHC-I levels and reduced association with optimal peptides. CRT is a known marker for inflammatory cell death and is pro-phagocytic, but despite the increased secretion of the mutant forms combined with the lower expression of MHC-I, an anti-phagocytic signal, these cells are still able to evade immune surveillance and cause disease. Understanding the mechanistic basis of how this is achieved will provide great insight into the pathophysiology of MPNs, paving the way for effective therapeutic intervention for this group of chronic blood neoplasms. 
Experimental procedures
Generation of DNA constructs pspCas9(BB)-2A-GFP vector (Addgene, catalog no. 48138) was used to knock out calreticulin expression. The gRNAs were designed and generated based on the protocol outlined in Zhang and co-workers (51) . Briefly, guide RNAs (gRNAs) targeting exon 1 and 2 of the CALR were designed using the gene tool (http://crispr.mit.edu/) 4 (51, 52) . Off-target effects were analyzed, and two 17-mers were selected ( Table 1 ). The gRNAs were cloned into pspCas9(BB)-2A-GFP vector and verified by sequencing. Plasmids encoding the calreticulin mutants were a kind gift from Dr. Kralovics at the CeMM Research Center for Molecular Medicine (17) . The most frequently occurring deletion mutant (52-bp deletion) and insertion mutant (5-bp insertion) was used in our study. From these plasmids, the cDNA encoding WT and mutant calreticulin was excised using BglII and EcoRI and ligated into pMXS vector with a puromycin selection cassette digested with BamHI and EcoRI. Mutant CRT with KDEL and CRT-WT lacking KDEL were generated by Gibson assembly (53) using the primers in Table 1 . All constructs were verified by sequencing. Retroviral transduction of CRT-null cells was carried out to generate stable cell lines expressing the following constructs: pMXS alone or vector control (VC), CRT-WT, CRT-FS, CRT-FS ϩKDEL , and CRT-WT ϪKDEL . Transduced cells were selected by treatment with 2 g/ml puromycin. Plasmid encoding LMP1, pCMMP-LMP1-IRES-eGFP, was purchased from Addgene (catalog no. 36955). Plasmid lacking LMP1 expression was generated by removing the DNA fragment encoding LMP1 by BamHI enzyme digestion and religation. For bacterial expression of CRT-WT, pGEX2TCRT available in the laboratory was used (12) . For the expression of GST-tagged CRT-FS, the cDNA encoding the CTD of CRT-WT was replaced by the cDNA encoding the CTD of CRT-FS.
Antibodies
A rabbit polyclonal antibody (␣-CRT-FS) specific to the mutant C-terminal tail (RMRRMRRTRRKMRRKMSPARP-RTSCREAC) was generated by GenScript. Commercially available antibodies that detect both CRT-WT and CRT-FS used in the study include FMC75 (ADI-SPA-601, Enzo Life Sci-ences) for Western blotting and PA3-900 (Thermo Fisher) for immunoprecipitation. Rat anti-human GRP94 (ADI-SPA-850) was purchased from Enzo Life Sciences). The anti-human tapasin antibodies PaSta1 (54) and R.Gp48N (55) Recombinant human EGF was purchased from Biolegend (catalog no. 585506). The TCR-like mAb that detects HLA-A2-YLLEMLWRL complexes by flow cytometry was a kind gift from Prof. Paul A. MacAry (41) . All secondary antibodies used for flow cytometry (goat anti-mouse IgG coupled to Alexa Fluor 488, Alexa Fluor 647, or FITC and goat anti-rabbit IgG coupled to Alexa Fluor 647) were purchased from Invitrogen, and those for immunoblotting (goat anti-mouse and anti-rat IgG coupled to horseradish peroxidase and goat anti-mouse, anti-rat, and anti-rabbit IgG coupled to alkaline phosphatase) were purchased from Jackson ImmunoResearch.
Reagents
Reagents used were as follows: Lipofectamine 2000 (Invitrogen), Brefeldin A (Biolegend), Triton X-100 (AmericanBio), digitonin (Calbiochem), EDTA-free protease inhibitor mixture (Roche Applied Science), L-[ 35 
Cells
HEK293T cells were grown in Dulbecco's modified Eagle's medium (Sigma) supplemented with 10% fetal calf serum (HyClone) and 1% penicillin/streptomycin (Invitrogen). Where indicated, cells were incubated in FreeStyle 293 expression medium (Thermo Fisher Scientific) or CO 2 -independent medium (Gibco), supplemented with 10% fetal calf serum (HyClone) and 1% penicillin/streptomycin (Invitrogen). 
Mutant calreticulin affects antigen presentation Generation of CRT-null cells
Plasmids were introduced into HEK293T cells using cationic lipid for transient transfection. Two sequential rounds of transfection were carried out, and ablation of CRT expression was verified by Western blot analysis at each stage. From the bulk population after round two, clonal selection by limiting dilution was carried out, and one clone was selected for the generation of all subsequent cell lines.
Generation of stable cells by retroviral transduction
In all cases, retrovirus was generated in 293T cells transfected with 4 g/ml of the packaging vector pCL-Ampho (Imgenex) and the construct of interest and 20 g/ml Lipofectamine 2000 (Invitrogen) in Opti-MEM (Invitrogen), followed by three rounds of retroviral transduction of the recipient cell line with 8 g/ml Polybrene (Millipore). Stably expressing cells were obtained by selection in complete medium supplemented with 2 g/ml puromycin (Sigma).
RNA extraction, RT-PCR, and qPCR
Cells were harvested in TRIzol, and RNA was extracted using the Direct-zol RNA MiniPrep kit (Zymo Research). cDNA synthesis was carried out using the iScript TM cDNA synthesis kit (Bio-Rad). Power SYBR Green PCR Master Mix (Invitrogen) was used for qPCR analysis, and the reactions were set up by the epMotion M5073 robot (Eppendorf) and carried out in the CFX384 Touch TM real-time PCR detection system (Bio-Rad). Primers for CRT, LMP1 (57), and ␤-actin (58) are listed in Table 1 .
Western blotting of cell extracts and culture supernatant
Cell lysates were prepared by incubating cells in 1% Triton X-100 in 10 mM Tris, pH 7.4, 150 mM sodium chloride (TBS) ϩ protease inhibitors at 4°C for 1 h. Clarified lysates were diluted 10-fold to determine protein concentration using the Bio-Rad Bradford dye, as per the manufacturer's instructions. For analysis of culture supernatant, equal number of cells from each cell line were grown in FreeStyle 293 expression medium (Thermo Fisher Scientific). Proteins (30 g of lysates and 30 l of media) were separated by SDS-PAGE followed by Western blot analysis. Blots were stripped and reprobed following treatment with Restore TM PLUS Western blotting stripping buffer.
PLC immunoprecipitation
To immunoprecipitate tapasin, cells were incubated in 1% digitonin in TBS ϩ protease inhibitors ϩ 2 mM CaCl 2 at 4°C for 1 h. Clarified lysates were then either prepared for SDS-PAGE by the addition of Laemmli sample buffer or immunoprecipitated with PaSta1 for 1 h at 4°C. After three washes in 0.1% digitonin lysis buffer and elution in nonreducing sample buffer, Laemmli sample buffer was added to the eluates, and the immunoprecipitates were separated by SDS-PAGE followed by Western blotting. Input and lysates were run on two gels, as it was not feasible to strip a single blot several times to probe with the five different antibodies used in the analysis.
Metabolic labeling and immunoprecipitation
Cells were incubated in cysteine-and methionine-free Dulbecco's modified Eagle's medium supplemented with 5% dia-lyzed fetal bovine serum (Invitrogen), 1% Glutamax, 1% penicillin/streptomycin for 1 h, followed by labeling with [ 35 S]methionine/cysteine (PerkinElmer Life Sciences) in the same medium for 15 min. Cells were then spun down and resuspended in complete medium, and cells and supernatant were collected at 0, 30, 60, 120, and 180 min of chase. Cell lysates were prepared in 1% Triton X-100 in TBS (10 mM Tris, pH 7.4, 150 mM sodium chloride) ϩ protease inhibitors and precleared with normal rabbit IgG, followed by immunoprecipitation with rabbit anti-human calreticulin (PA3900). For the supernatant, 1% Triton X-100 and protease inhibitors were added, followed by preclearing with normal rabbit IgG, followed by immunoprecipitation with rabbit anti-human calreticulin (PA3900). The immunoprecipitates were washed three times with TBS ϩ 0.5% Triton X-100, and proteins were visualized by autoradiography after separation on nonreducing SDS-polyacrylamide gels.
Expression and purification of GST-tagged proteins from bacteria
GST or GST-tagged proteins were expressed in Escherichia coli BL21 GOLD (DE3) following induction with isopropyl 1-thio-␤-D-galactopyranoside (250 M) for 3 h at 37°C, followed by incubation at 16°C overnight. Cells were pelleted and lysed in B-PER buffer ϩ protease inhibitors by incubation at room temperature for 20 min. Soluble, GST-tagged proteins were isolated from the clarified lysate by interaction with GSH beads for 1 h at 4°C. Associated proteins were eluted in TBS ϩ 10 mM reduced GSH (pH 8.0), followed by size-exclusion chromatography. The GST-tagged proteins migrated as a dimer. Purity of protein was checked by SDS-PAGE, followed by Coomassie Blue staining.
GST-pulldown assay
Lysates from CRT-null HEK293T cells were prepared by solubilizing cells in interaction buffer (TBS ϩ 5 mM CaCl 2 ϩ 1% Triton X-100 ϩ protease inhibitors). Interaction with 400 g of protein was carried out at 4°C for 4 h with 30 g of GST-CRT on GSH beads or an equivalent amount of GST associated with GSH beads. Following interaction, beads were washed three times with the interaction buffer without protease inhibitors and once with buffer without detergent. Proteins associated with the beads were subjected to SDS-PAGE followed by Western blotting.
Flow cytometry
Cells were detached with PBS-EDTA, and cells were sequentially labeled with primary and secondary antibody (unless the primary antibody was fluorescently labeled) in FACS staining buffer (PBS ϩ 0.5% BSA ϩ 0.02% sodium azide) for 1 h at 4°C, followed by three washes with FACS buffer, and analyzed using FACSCalibur (BD Biosciences) and FlowJo software (Tree Star). Staining with propidium iodide was carried out to distinguish dead from live cells.
Acid denaturation of surface MHC-I
Surface MHC-I was denatured by resuspending cells for 2 min in medium at pH 3.5 (using sodium citrate), followed by Mutant calreticulin affects antigen presentation neutralization with sodium phosphate buffer at pH 10.5. Complete medium was added to the cells, followed by incubation at 37°C for 0, 0.5, 1, 2, 4, and 6 h in the absence or presence of 100 M dynasore. MHC-I on the surface of cells was estimated by flow cytometry. Several samples, from both the untreated and dynasore-treated cell suspensions, were randomly selected to estimate surface levels of EGFR by FACS. Cells were also treated (or not) with 40 ng/ml recombinant EGF ligand for 30 min to promote receptor endocytosis (59) . Staining with propidium iodide was carried out to distinguish dead from live cells.
Thermostability assay
Cells were resuspended in FACS staining buffer for 10 min at room temperature followed by exposure to 37, 45, 55, and 65°C for 10 min. The amount of MHC-I on the surface of cells was assessed by flow cytometry. Staining with propidium iodide was carried out to distinguish dead and live cells.
BFA-decay assay
Cells were plated in CO 2 -independent medium and incubated at 27°C overnight to allow accumulation of surface MHC-I complexes, after which they were incubated at 37°C for 0, 0.5, 1, 2, 4, or 6 h in the presence of 10 g/ml BFA. Surface MHC-I levels were determined by flow cytometry. Staining with propidium iodide was carried out to distinguish dead from live cells.
Structural analysis
The deposited cryo-EM structure of the PLC, Protein Data Bank ID 6ENY, was analyzed using UCSF Chimera (60) . 
